The aim of this study was to determine the association between dietary intake, determined using a food frequency questionnaire, and genome damage in lymphocytes measured using the micronucleus (MN) assay. The study, performed on 190 healthy individuals (mean age 47.8 years, 46% males), also examined whether a supplementation with b-carotene, vitamins C and E along with zinc (ACEZn), in a randomized trial for 6 months, improves genome stability. Multivariate analysis of baseline data showed that (1) the highest tertile of intake of vitamin E, retinol, folic acid, nicotinic acid (preformed) and calcium is associated with significant reductions in MN frequency, i.e. À28, À31, À33, À46 and À49%, respectively (P 5 0.005) relative to the lowest tertile of intake and (2) the highest tertile of intake of riboflavin, pantothenic acid and biotin was associated with significant increases in MN frequency, i.e. þ36% (P ¼ 0.054), þ51% (P ¼ 0.021), and þ65% (P ¼ 0.001), respectively, relative to the lowest tertile of intake. Mid-tertile b-carotene intake was associated with an 18% reduction in MN frequency (P ¼ 0.038); however, the highest tertile of intake (46400 mg/day) resulted in an 18% increment in MN frequency. Supplementation with ACEZn significantly reduced the MN index by 13% (P ¼ 0.038). The study also showed interactive additive effects such as the protective effect of increased calcium intake (À46%) and the exacerbating effect of riboflavin (þ42%) on increased genome damage caused by low folate intake. The results from this study illustrate the strong impact of a wide variety of micronutrients and their interactions on genome health, depending on the level of intake.
Introduction
Numerous studies have shown a clear association between diet and cancer risk; however, the precise genetic and epigenetic mechanisms remain unclear (1--4) . It is now evident that above average chromosome damage rates, malsegregation of chromosomes leading to aneuploidy and DNA hypomethylation are important cancer-initiating events, which can be quantified using the micronucleus (MN) assay (2,5--8) . Various micronutrients play an important role in DNA metabolism and DNA repair (1, 2) . Therefore, determining the intake levels of micronutrients required to maintain genome stability is an essential step in the definition of optimal diets for the prevention of cancer and other diseases caused by genome damage (1, 2, 9) . Our previous studies and those of others have shown that certain micronutrients such as folate and vitamin B12 may have a significant impact on the MN index in lymphocytes and that these benefits may depend on the genetic profile of the individual (8,10--12) .
The formation of MN in dividing cells is the result of chromosome breakage or chromosome malsegregation, and is associated with the chromosomal instability phenotype and aneuploidy seen in cancer (9,13--16) . A high MN frequency may be caused by an excessive uracil incorporation into DNA or hypomethylation of centromeric DNA, which leads to chromosome breakage and loss, respectively (17--19) . MN may also be induced by strand breaks or base lesions in DNA owing to oxidative stress and alkylation (5, 7, 9, 20) or defects in the chromosome segregation machinery on account of the inappropriate expression of genes involved in cell cycle check points such as, silencing of hCDC4, which results in an excessive cylin E expression (21) , or the lack of essential cofactors such as magnesium and calcium required for kinetochore and spindle assembly and DNA repair (22--24) . The sensitivity of the MN index to small variations in micronutrient status within the physiological range makes it an excellent biomarker for identifying dietary factors that are essential for genome stability, and for defining their optimal intake levels (2) . The food frequency questionnaire (FFQ) is a potentially useful tool to identify specific micronutrients, macronutrients and food groups that have a strong impact on genome stability. This approach has been successfully used in epidemiological studies on diet and cancer and validation studies have demonstrated that there is a good correlation between the estimated dietary intake of micronutrients measured by the FFQ and the blood levels of micronutrients measured by the standard analytical methods (25--27) .
The primary aim of this study was to test the hypothesis that intake of specific micronutrients measured using an FFQ is significantly associated with genome stability, measured using the cytokinesis-block micronucleus (CBMN) assay in peripheral blood lymphocytes. The secondary objective was to determine whether supplementation with a mixture of micronutrients required for tissue antioxidant defense reduces the MN index in lymphocytes in humans. The effect of macronutrients, food groups, beverages and energy intake will be reported separately.
Materials and methods

Study design
A total of 400 individuals were randomly selected from the electoral register of South Australia and invited by mail to take part in the study which was conducted over a period of 12 months. Those undergoing a medical treatment for major current diseases such as cancer and cardiovascular disease and pregnant women were excluded from the study. One hundred and ninety six individuals volunteered to participate in the study. At the first visit, participants donated a blood sample and trained personnel administered a questionnaire to collect general information about each subject, such as height, weight, smoking habit, occupation, previous diseases and other aspects of lifestyle. Data concerning the usual nutrient intake, including dietary supplements, were assessed by a quantitative FFQ. Participants were required to stop their habitual vitamin supplement intake during the study period. Half the volunteers were randomly selected to take a daily dose, as a tablet, of an antioxidant mixture (ACEZn) supplying 18 mg b-carotene, 900 mg ascorbic acid, 250 mg d-a tocopheryl succinate and 12 mg Zn (Beta-ACE, Vitaglow Pty Ltd, Balgowlah, NSW, Australia). The rest of the volunteers were given no supplement and served as controls. The duration of the intervention was 6 months with volunteers providing a second blood sample at the end of the intervention period. A subset of volunteers (12 men and 11 women in the control group; 10 men and 12 women in the ACEZn supplement group) agreed to donate an additional blood sample 3 months into the intervention to assess changes in plasma ascorbic acid, a-tocopherol, b-carotene and zinc. Compliance, determined by counting the number of tablets that were not consumed, was 495%. Of the supplement group, 97 attended the first visit, completed the dietary questionnaire and provided a blood sample and 92 donated a blood sample after completing the intervention period. The corresponding number of participants in the control group were 93 for the first visit and 86 for the final visit 6 months later. Reasons for non-participation were change of residence or illness. The study was approved by the Human Ethics Committee of CSIRO Health Sciences and Nutrition.
Dietary intake measurements
Dietary intake was assessed using a self-administered FFQ based on the original questionnaire described by Baghurst and Record (28) . This form of the FFQ is regularly updated to take note of the changing trends in dietary habits and has been used extensively with Australian population samples and national dietary surveys (in 1988, 1993 and 1998) . It has been shown to have a high repeatability and consistency with other dietary intake measurement techniques and has demonstrated good reliability when assessed against urinary and protein measures (28--31) . The FFQ takes the form of a 20-page booklet including a list of 4180 common food and beverage items and questions relating to food preparation and dietary habits. Participants were required to indicate how often each food and beverage was usually consumed per month, week or day. Average daily consumption was based on participants' reports of how often a specified serving size of each food or beverage item was consumed. This information, along with the nutrient composition of the food item/unit weight taken from Australian and British food tables (32, 33) , allowed participants' daily micronutrient and macronutrient intake to be calculated using the FREQUAN dietary analysis program (28) .
Cytokinesis-block micronucleus assay in lymphocytes Volunteers donated their blood samples between 8.00 and 11.00 am, after an overnight fast and before having breakfast to minimize possible confounding effects by dietary metabolites and diurnal variation. Lymphocytes were isolated from the heparinized blood samples diluted 1:2 with sterile saline using Ficoll Hypaque (Pharmacia) gradients. The isolated lymphocytes were then washed twice in Hanks balanced salt solution and re-suspended in culture medium before estimating the cell concentration using a Coulter counter. The blood samples were processed within 3--4 h of collection. Chromosome damage in peripheral blood lymphocytes was assayed using the original CBMN method for isolated and cultured lymphocytes (34) . Briefly, isolated lymphocytes were cultured in McCoy's 5A medium (Sigma) following a stimulation by the mitogen phytohaemagglutinin (PHA). Forty-four hours after PHA stimulation, cytochalasin-B (4.5 mg/ml, Sigma) was added to the cultures to accumulate cells that had completed one nuclear division at the binucleate stage and cells were harvested 28 h later on slides, fixed in methanol and stained using Diff-Quik (Lab-Aids, Australia). Two slides were prepared from each culture. The frequency of MN was determined in 2000 binucleated (BN) cells. Scoring criteria for selection of BN cells and MN were as described previously (34, 35) . Slides were coded with a random number and scored by the same person who was unable to distinguish slides from participants assigned to the control or ACEZn supplement group.
Micronutrient analysis
Plasma a-tocopherol and b-carotene concentrations were measured by HPLC using the method of Yang and Lee (36) . Plasma zinc concentration was measured by flame atomic-absorption spectrophotometry using a Perkin Elmer 5000 atomic absorption spectrophotomer (Perkin-Elmer Ltd, Melbourne, Australia) (37) . Plasma ascorbate was determined by the ferrozine method (38) .
Statistical analysis
A complete univariate analysis was performed on the whole dataset. The intraindividual concordance between MN frequency at the beginning and at the end of the study was evaluated through a linear correlation analysis. The estimated intake of micronutrients was categorized according to tertiles of the observed distribution, and for each item, a univariate comparison between tertiles was carried out.
The role of the dietary intake of specific micronutrients on MN frequency was evaluated through a multivariate regression analysis. The analysis was based on data reported by the dietary questionnaire administered at the beginning of the study. The negative binomial distribution was applied since this approach is particularly efficient with count data, and has the property to take into account the effect of over-dispersion, i.e. a phenomenon frequently arising with count data that increases unexplained variance and yields biased standard errors of the parameter estimates (39) . An ad hoc multivariate model was performed for each micronutrient. A stepwise procedure beginning with the full model, i.e. a model that includes all available variables (age, gender, BMI, smoking habit, occupation and dietary variables including energy intake), was fitted to data, removing/inserting at each step the variable(s) that are less/more correlated with MN frequency. To control for the inflation of estimated regression coefficient variances owing to the presence of multicollinearity, we evaluated the marginal contribution of each factor to the variance explained by the model taking into account the correlation with other predictors. Covariates selected in this way were then added/removed in new models until stable estimates were obtained. Covariates inflating standard errors of the effect of nutrients were filtered out.
The effect of each dietary item on genome stability is described as the percent variation of the mean MN frequency in the 2nd and 3rd tertiles compared with the 1st tertile of micronutrients frequency distribution. A 95% confidence interval is provided along with data point estimates of the effect. Standard statistical procedures for model checking such as residuals analysis, Cook influence statistic and leverages were applied.
The same statistical model used to quantify the effect of micronutrients was used to evaluate the presence of a protective effect of ACEZn supplementation. MN frequency in the group supplemented with ACEZn antioxidants was compared with the non-supplemented control group, by fitting the negative binomial regression model to MN frequency measured at the end of the study, adjusting for potential confounders and for the baseline MN frequency measured at the beginning of the study. Given the observational setting of the study, no specific correction procedure was applied to take into account the issue of multiple comparison. Study results were corroborated by evaluating the biological plausibility and internal consistency of results (dose--response, consistency of estimates in different models, etc.), and by ranking single nutrients by the size of their impact on MN frequency.
Univariate analysis was carried out with SPSS for Windows statistical software (40), while negative binomial regression models were fitted to the data using STATA statistical software (41).
Results
The demographic, dietary and genome damage rate characteristics of subjects in the study before the ACEZn intervention and the genome damage rate at the end of the ACEZn intervention are listed in Table I . There were no significant baseline differences between the control and treatment group with respect to age, BMI, MN frequency as well as energy, micronutrient and food group intake.
The relationship between MN frequency and individual characteristics other than dietary intake was analysed first (Table II) . The results of this analysis show a significantly lower MN frequency in males relative to females, by a factor of 40% (P 5 0.001) and a significant increment in MN frequency with each decade of age (P 5 0.004). MN frequency increased progressively with age to a maximum of a 359% increment in those older than 60 years, relative to those aged between 20 and 29 years. MN frequency was not significantly related to smoking habit, occupation or BMI.
Analysis of the relationship between micronutrient intake and base line MN frequency identified nine micronutrients (including one mineral) that are significantly related to genome damage rate (Table III) . Increased intake of vitamin E, retinol, folate, preformed nicotinic acid and calcium was associated with a dose-related reduction in MN frequency with significant reductions (À28, À31, À33, À46 and À49% respectively, P 5 0.01) at the highest tertile of intake. b-Carotene intake at the mid-tertile intake level was associated with an 18% reduction in MN frequency (P ¼ 0.036) but this effect was not sustained at the highest intake level at which MN frequency appeared to be increased by 18%, relative to the lowest tertile of intake rather than decreasing even further.
In contrast to the protective micronutrients listed above, increasing intake of riboflavin and pantothenic acid from the lowest tertile to the middle tertile resulted in large increments in MN frequency (41%, P ¼ 0.005 and 69%, P 5 0.001, respectively) that were sustained, but to a lesser degree, at the highest tertile of intake. Biotin was the other micronutrient exhibiting a deleterious effect on genome damage rate in response to an increased intake with a 65% increase in MN frequency (P ¼ 0.001) at the highest tertile of consumption but with no effect at the mid-tertile. We also examined the combined effects of calcium and folate consumption, since extensive epidemiological evidence showed that these dietary factors tend to interact in modifying the risk of cancer (3, 22, 42, 43) . Our analysis of combined effects (Figure 1a) shows that a high calcium intake protects against the genome damaging effect of low folate intake and vice versa and that the combination of the highest tertile of intake of calcium and folate results in a 60% lower genome damage rate, relative to a combined lowest tertile intake of these micronutrients. Since our in vitro studies suggested that the genome-damaging effects of low folate concentration in the physiological range could be exacerbated by a high riboflavin concentration (8) we also examined the interactive effect of folate and riboflavin intake (Figure 1b) . It is clear from this analysis that increased riboflavin intake has a doserelated detrimental effect on genome stability that becomes stronger as folate intake decreases, so that at the lowest tertile of folate intake, there is a 42% increment in genome damage in the highest tertile of riboflavin intake, relative to the lowest tertile of riboflavin intake, but the corresponding effect of increased riboflavin intake in the highest tertile of folate intake is only 30%. Furthermore, there is a 69% reduction in genome damage for the high tertile folate/low tertile riboflavin intake combination, relative to the reverse low tertile folate/high tertile riboflavin intake combination. Both the folate--calcium and folate--riboflavin combination effects tended to be additive rather than multiplicative and they were dose-related.
The efficacy of the ACEZn intervention was tested by measuring changes in the plasma ascorbic acid, a-tocopherol, b-carotene and zinc in a subset of the control group (n ¼ 23) and the supplemented group (n ¼ 22) after 3 months of antioxidant supplementation (Table IV) . There was no change in the control group. In contrast, the plasma ascorbic acid, a-tocopherol and b-carotene in the supplemented group increased by 27% (P 5 0.05), 55% (P 5 0.01) and 500% (P 5 0.001), respectively but there was no change in plasma zinc. With respect to genome damage rate, there was a nonsignificant 14% decrease in MN frequency in the control group and a larger significant 25% decrease in MN frequency (P 5 0.05) in the supplemented group at the end of the study relative to baseline values (Table I) . The final net effect of treatment, obtained by comparing the supplemented group and control group at the end of treatment, after adjusting for individual characteristics, dietary habit and baseline values of MN frequency in each group, was a 13% significant reduction in MN frequency (95% CI ¼ À1%, À24%, P ¼ 0.038). The internal consistency of the MN frequency measurement is reflected in the significant correlation between measurements taken before and after the intervention in both the control and supplemented groups, which was R ¼ 0.75 (P 5 0.001) and R ¼ 0.77 (P 5 0.001), respectively ( Figure 2 ).
Discussion
The results of this study are relevant to the understanding of genome damage in humans and how diet affects this fundamental cause of human disease in four ways. First, they confirm the effect of age on MN frequency and therefore the capacity of the CBMN assay to measure in a sensitive manner, the deterioration of chromosomal integrity with age, which is probably due to either (1) increased DNA mis-repair events leading to the formation of acentric chromosome fragments and/or (2) increasing inefficiency in the chromosome segregation machinery (6, 9, 35, 44) . The latter may occur owing to defects in cell cycle checkpoints and/or hypomethylation of centromeric satellite DNA leading to an aberrant mitotic spindle formation or defective engagement of chromosomes with the spindle, respectively and subsequent chromosome loss at anaphase and MN formation (2, 21, 45, 46) . Second, they show for the first time significant associations between dietary intake data from a detailed FFQ and genome damage rate measured with the CBMN assay. This observation is consistent with the conclusion of several epidemiological and controlled intervention studies showing that the dietary status has a strong impact on cancer risk and that genome damage rate is, to a large degree, caused by dietary imbalance and micronutrient excess or deficiency (1, 2, 3, 9) . Dietary questionnaire data may suffer from inaccuracies of volunteer recall, although significant correlations with blood micronutrient levels are generally reported (27) . On the other hand, FFQs can be easily used in population studies, and can provide comprehensive information about food groups, individual foods and micronutrients, making this tool very efficient for studying associations with health outcomes. Micronutrient analysis of blood, although desirable, would be prohibitively Fig. 1 . The combined effect of (a) calcium and folate intake and (b) riboflavin and folate intake on MN frequency. Results shown are the % variation relative to the combined lowest tertiles of intake in the pair of nutrients examined.
Ã P 5 0.05 for comparison with the referent value for the combined lowest tertile of intake for the pair of nutrients examined.
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expensive for a preliminary study, although it can be used judiciously as we have done with respect to the ACEZn supplementation study, in which we verified compliance by measuring changes in blood concentration of the supplemented micronutrients in a subset of participants.
Third, this study has identified five micronutrients that appear to be protective against genome instability namely, retinol, vitamin E, folate, pre-formed nicotinic acid and calcium. The results concerning folate are consistent with (1) studies showing that folate deficiency leads to hypomethylation of DNA and excessive incorporation of uracil into DNA, which are two of the known underlying molecular events that cause MN formation (2, 18, 19, 22, 47, 48) and (2) the observation from controlled intervention studies that folate intakes 4200 mg/day are required for chromosomal stability (10, 17) . To our knowledge, there are no previous data showing an association between dietary calcium and chromosomal instability. However, calcium plays an important role in chromosome segregation (24, 49) , it restrains cell proliferation, and induces apoptosis and cell differentiation, which may explain, in part, why reduced calcium intake is associated with an increased risk of colorectal cancer (22, 42, 50) . The relevance of the use of the MN index as a biomarker of genome damage and chromosomal instability relevant to cancer (2,9) is also underscored by the observations on the combined effects of calcium and folate intake, which are consistent with epidemiological evidence, showing that the risk for colorectal cancer is further increased when both folate and calcium intake are low (3, 22, 42, 43) . The protective effect of preformed nicotinic acid is consistent with its role as a precursor of NAD, the cofactor for polyADPribose polymerase (PARP) function and SIR2 histone deacetylase (51, 52) . PARP is required for the polyADPribosylation of damaged DNA and for DNA repair, in the maintenance of telomeres, in chromosome segregation, and caspasedependent apoptosis (53) , and SIR2 deacetylation of histones results in more compact chromatin that may be less susceptible to DNA breaks induced by reactive oxygen species (51, 52) .
In a previous cross-sectional study, we did not observe a significant correlation between plasma vitamin E and MN frequency (54); however, a placebo-controlled intervention study showed that above the RDA intake of vitamin E as well as its carrier soyabean oil reduced the MN index by 32%, suggesting that the protective effect of vitamin E may be associated with lipids that afford protection against genome damage (55) . Although some studies suggest that vitamin E prevents DNA mutation by reactive oxygen species, other studies report no effects (56) . The observation that genome damage was increased at both high and low tertile intake levels of b-carotene relative to mid-tertile intake is consistent with recent data showing a U-shaped dose--response for dietary carotenoid intake and HPRT mutant frequency in lymphocytes (57) , as well as the observation that the intake of b-carotene supplements increased the risk of lung cancer (58) . In contrast, we found that there was a steady increasing reduction in MN frequency with increasing retinol intake. Retinol is structurally different from b-carotene, although it can be derived from it and, unlike the latter, it is not a singlet oxygen quencher (59) . Although b-carotene can be converted to retinol in the body, free radical attack on b-carotene results in the formation of genotoxic breakdown products that induce MN (60) . The protective effect of increased retinol may be due to its one-step conversion to retinoic acid, which has been shown to suppress the inappropriate expression of NFkb, which leads to inflammation, increased cell proliferation and inhibition of apoptosis (61), all of which may lead to an increased MN expression in lymphocytes (20) . Fourth, we have found significant associations between increased riboflavin, pantothenic acid and biotin concentrations with increased genome instability. We have recently shown, using an in vitro model, that elevated riboflavin concentration increased genome instability at a physiological folate concentration (10 nmol/l) observed in moderate folate deficiency (8) . Our interpretation of these results was that a high riboflavin concentration could increase the activity of the enzyme methylene tetrahydrofolate reductase (MTHFR), because riboflavin is the precursor of the cofactor FAD for this enzyme, making folate less available for the synthesis of dTMP from dUMP and thus, increasing the risk of uracil incorporation into DNA and the resulting increase in chromosome breakage, breakage--fusion--bridge cycles leading to gene amplification, nuclear budding and MN formation (2, 9) . The C677T mutation of MTHFR, which reduces its activity, is associated with a reduced risk of colorectal, breast and haematopoietic cancers in a large proportion of studies that investigated this association (43, 62, 63) . These results suggest that increasing MTHFR activity under conditions of suboptimal folate status could be carcinogenic. The observations for the combined effect of riboflavin and folate intake in our in vivo cross-sectional study are consistent with these predictions. On the other hand, it is also to be noted that the deficiency of riboflavin is associated with an increased risk for developmental defects, anaemia, neurodegeneration and cervical dysplasia (64) . Biotin serves as an essential cofactor for four carboxylases in intermediary metabolism (65--67) . Emerging evidence suggests that marginal biotin deficiency, a common feature of both early and later pregnancy, may be teratogenic (65--68) . It has been recently shown that intake of a single tablet of 600 mg biotin produced a significant 33% or greater reduction in mitogen-induced proliferation and cytokine-response of lymphocytes ex vivo (69) . These biomarkers are indicative of a weakened immune response and suggest that this level of intake (i.e. 600 mg) may be close to the tolerable upper intake level, even though this has not been defined yet. Since egg yolk is one of the richest sources of biotin, and because avidin in egg white can cause biotin deficiency, it is uncertain whether the observed association of MN frequency with a higher biotin intake may also reflect the effect of increased avidin intake (65--68) . Excessive biotin levels have been shown to induce MN in plant cells (70) . Pantothenic acid plays an essential role in the synthesis of fatty acids and membrane phospholipids and the synthesis of amino acids such as leucine, arginine and methionine (71) . We could not find any published studies on the effects of pantothenic acid on genome stability or toxicity except for one report, which suggested that calcium pantothenate exhibited a marginal promoting effect in the Balb/c-3T3 assay (72) . It is notable that eggs are one of the richest sources of biotin, riboflavin and pantothenic acid (33) and that epidemiological studies conducted in the same city where the cohort of our study resided (Adelaide, South Australia), using a similar dietary questionnaire, have shown an increased risk for colon and pancreatic cancer with increased egg intake (73--75) .
The study has also shown that ACEZn supplementation does cause a modest reduction in genome damage rate and is consistent with studies suggesting that supplementation with these micronutrients may afford some protection against the DNA damaging effects of oxidants (1, 56, 76, 77) . On account of the combination of micronutrients in the supplement, it is not possible to tell whether there were additive/synergistic effects or whether there were counteracting effects. Data from the results of the FFQ showed that vitamin E at the highest tertile of intake was associated with a 28% reduction in MN frequency. However, b-carotene intake 46.4 mg/day was associated with an 18% increase in MN frequency. Given that the ACEZn supplement contained 18 mg b-carotene, it is possible that any beneficial effect from the increased vitamin E intake may have been offset by excess b-carotene, which could explain the relatively low impact (À13%) of the supplement on MN frequency. These concerns highlight the fact that we need to have a better understanding of the dose--response effects of micronutrients (on their own or in combination) on genome stability before formulating vitamin supplement tablets, if significant genome health benefits are to be reliably achieved in individuals and the general population. The lack of a placebo tablet treatment in the control group is a weakness in the design of the study because we cannot exclude the possibility that base ingredients that are commonly used in vitamin tablets, such as calcium phosphate and magnesium stearate, may have also contributed to the observed MN frequency reduction in the treatment group.
In interpreting the data from this study, it is important to note that micronutrients usually exhibit metabolic dose--response effects in which both deficiency and excess can be deleterious (57,58,78--81) and it is probable that in a specific mixed diet, depending on the intake level of an individual, some of the micronutrients may be outside the intake range that is optimal for the prevention of genome instability. The results for bcarotene suggest an optimum between 4000 and 6000 mg per day with a tendency for a marked increase in genome damage at higher or lower intake levels, which is consistent with data suggesting an increased cancer risk with deficiency or supplementation above RDA levels for this vitamin (57, 58, 76) . On the other hand, the apparent genome damage prevention effects associated with vitamin E, retinol, folic acid, preformed nicotinic acid and calcium still increases at the highest tertile of intake, suggesting that an optimum could be achieved at even higher levels of intake or that the maximum beneficial effect is achieved at these levels of intake. For example, the highest tertile of intake for folate was 4256 mg/day, which is consistent with a number of studies showing that developmental defects and cancer as well as biomarkers for cardiovascular disease risk, such as homocysteine, are minimized at folate intake levels of 400 mg/day or greater (17,43,82--84) . The fact that both vitamin deficiency and excess can increase carcinogenesis is supported by several studies (1, 57, 78, 85) and highlights the acute need for better knowledge of Dietary intake and MN index dose--response relationships between micronutrient intake and genome health.
In conclusion, the results of this study have identified important novel associations between certain micronutrients and genome stability and have generated a series of hypotheses that need to be tested systematically by randomized controlled interventions. These interventions should include dose--responses with a complementary set of genome damage markers so that optimal intake levels for genome health maintenance can be reliably determined.
